A microflow system for the investigation of multistep syntheses involving Pd-catalysed Heck reactions and Ru-catalysed ring-closing metathesis is described. A successful provision of reagent and catalyst delivery in a consecutive fashion allowed control over reaction parameters leading to fast optimisation. The performance of Heck reactions in multistep procedures was not as successful as in the single step coupling, whereas the ring-closing metathesis proved to be successful in the production of the desired compounds for further functionalisation.
Introduction
Consecutive multistep synthesis using microflow techniques offer advantages over conventional methods. In addition to a better control over reaction parameters and fast optimisation, multistep reactions in flow enable an improved and more controlled addition of reagents in a consecutive fashion which can be accomplished without delays. It is indeed the continuous nature of the system that allows efficient reaction optimisation: small aliquots of product can be collected as they are produced, and analysed in order to decide how to change reaction conditions and parameters without stopping the process. The efficiency and speed of optimisation could be further improved by introducing automation in addition to fast online analysis into the systems allowing the chemist to obtain faster feedback. There is a growing interest in the literature in carrying out consecutive multistep syntheses using microflow technique by exploiting the above mentioned advantages. 
Results and Discussion
The typical multistep microflow setup used in this investigation consisted of two or more separate microflow sections connected to each other. In a two-step microflow setup, the first reaction step takes place in section 1 where the compounds A and B mix and react to form intermediate C as illustrated in Figure 1 . Once the intermediate is formed, the second reaction step takes place after introducing the required reagent D before entering section 2 to form product E. Product E is then collected at the output of section 2. A coiled polytetrafluoroethylene (PTFE) microtubing was used along with multi-way connectors enabling an easy variation of different sections, or introduce reagents as required, with good flexibility. A limitation with the multistep setup is that once the required residence time for section 1 has been set, the total flow rate in section 2 becomes fixed and the residence time in section 2 can only be changed by varying the length of the section. We already have reported on simple Heck reactions using flow chemistry.
2 Also other research groups have been investigated Heck reactions in flow using supported palladium catalysts. Kirschning et al. 3 used a monolith containing nanoparticular palladium while Garcia-Verdugo and Luis et al. 4 investigated an imidazolium-functionalized polystyrene monolith successfully for such cross-coupling reactions. Palladium-containing monoliths were also used by Ley et al. for Heck reactions carried out in superheated ethanol. 5 Seeberger and co-workers used palladium on charcoal as a catalyst for Heck reactions. 6 Jensen and Buchwald demonstrated an acceleration of such reactions when performed at elevated temperatures and pressures facilitated by microreactors 7 and used a similar reaction for automated optimisation. 8 A review on the use of transition metalcatalyzed Heck reactions using microwave and microreactor technologies has appeared recently. 9 Our interest focused on carrying out a multistep microflow synthesis consisting of a combination of a ruthenium-catalysed ring closing metathesis (RCM) followed by a Heck coupling reaction. Precursor 1 was prepared by allylation of o-iodoaniline and then subjected to a sequence of metathesis and Heck reaction. In the first step of the reaction sequence, product 2 was prepared by metathesis of N,N-diallyl-2-iodoaniline 1 and isolated in 98% yield, with only traces of the side product 1-(2-iodophenyl)-1H-pyrrole 3. Scheme 1. Metathesis and Heck reaction of diallylaniline 1.
A combination of the metathesis reaction with a Heck reaction as the second step was carried out using methyl acrylate. After a series of optimisation experiments, (E)-methyl 3-(2-(2H-pyrrol-1(5H)-yl) phenyl) acrylate 4 was obtained in yields between 38% and 64%. When the Heck reaction was carried out using less activated substrates such as styrene, p-fluorostyrene, ptrifluoromethylstyrene and m-nitrostyrene, no coupling product was observed.
A similar example of a consecutive RCM and Heck reaction was carried out using the metathesis precursor N,N'-diallylaniline 5, prepared in 89% yield from aniline. The RCM of compound 5 was carried out in the presence of Grubbs II catalyst using the reaction setup shown in Figure 1 to afford the intermediate 1-phenyl-2,5-dihydro-1H-pyrrole 6 in 96% yield. Compound 6 was then reacted with iodobenzene and 1,3-diphenyl-1H-pyrrole 8 was obtained in yields between 53% and 60% (Scheme 2). In addition to the Heck reaction, an aromatisation of the heterocyclic ring system is occuring under the reaction conditions and the pyrrole derivative 8 is the only reaction product observed in this reaction sequence. In this reaction sequence, the solvent flow was separated into a segmented flow. In such multiphase flow mass transfer is accelerated by alternating immiscible fluid packets benefiting from having both (i) a continually refreshing interface between adjacent fluid packets, and (ii) a rapid vortex flow within a fluid packet. 10 One early study of the Heck reaction under biphasic conditions was reported using toluene/ethylene glycol as a biphasic solvent system. 11 Keeping the catalyst separated from the reactants and product phase is a typical strategy used in biphasic catalysis giving the advantage of product/catalyst separation and recycling. Such a strategy has also been adopted by dissolving the palladium catalyst in an ionic liquid. This allowed Heck reactions with an easy continuous recycling of the catalyst.
12
Particularly in the metathesis reaction it is very important to avoid the use of nucleophilic solvents such as acetonitrile or dimethylformamide, as they would affect the catalyst's performance. The need of carrying out the Heck reaction at high temperature seems to make toluene an ideal solvent for the two-step synthesis. However, there are very few solvents which are immiscible with toluene in order to create segmentation, and are compatible with the catalytic reactions. Water and ethylene glycol are incompatible with the reaction conditions, therefore a perfluorocarbon solvent (perfluorononane) was chosen as the inert phase to form segmentation, due to its compatibility with toluene as well as with a wide range of organic solvents in terms of immiscibility.
Scheme 3. Consecutive reactions in segmented flow.
A third substrate was investigated in a similar multistep sequence. t-Butyl-2-(diallylamino)phenylcarbamate 9 was prepared in a conventional flask synthesis by N-allylation of benzene-1,2-diamine with allyl bromide producing a mixture of five N-allylated derivatives with the desired N,N-diallyl-1,2-phenylenediamine being the major product. After BOC protection the compound 9 was employed in a metathesis reaction using Grubbs catalyst 13 as the first step of the microflow synthesis. The metathesis reaction was initially conducted with compound 9 using 5 Reaction conditions: Grubbs catalyst, compound 9, solvent system (toluene /
In general it was observed that by changing the RCM catalyst type from Grubbs I to Grubbs II the perfluorononane), residence time 10 minutes, reaction temperature 40 °C.
yield of the desired product 10 improved significantly with a decrease of the yields of side product 11. Further studies showed that catalyst loadings larger than 5 mol% and an increase in temperature led to an increase in the yield of side product 11 and a decrease of the yield of compound 10. Overall, the best results were obtained by using microwave irradiation at 40 °C, using Grubbs II catalyst (5 mol%), which gave compound 10 in 91% yield in a very short reaction time (10 minutes). In this particular example, we found that heating by microwave irradiation led to a better reproducability than oil bath heating.
After finding the optimal metathesis conditions for compound 9, we aimed to accomplish the cyc ve developed a microflow system to study multistep syntheses involving Pd- removing the carbamate protecting group using the acidic conditions of the subsequent diazotation step using of t-butyl nitrite and acetic acid. But the removal of the protecting group, necessary for the formation of diazonium, did not take place under the reaction conditions. The use of stronger acids caused polymerisation or decomposition / oxidation of the 2,5-dihydropyrrole moiety and compound 11 was obtained as the major product, along with small traces of the precursor 10. Such an oxidation is also observed to occur slowly on the isolated substrate exposed to air, while it is accelerated in the presence of Grubbs catalyst. With the substrate 9 the coupling of the metathesis reaction with a consecutive Heck reaction was, therefore, not possible.
In conclusion, we ha catalysed Heck reactions and Ru-catalysed ring-closing metathesis. A successful provision of reagent and catalyst delivery in a consecutive fashion allowed control over reaction parameters and led to fast optimisation. The performance of Heck reactions in multistep procedures was not as successful as in the single step coupling, calling for further protocol optimisation. Ring-closing metathesis, on the other hand, proved quite successful in the production of the desired compounds for further functionalisation.
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To a solution of arylamine (1,2-phenylenediamine, 1.0 g, 9.2 mm mmol; or aniline, 1.0 g, 10.7 mmol), allyl bromide (2.2 equivalents to the aniline) was added dropwise in dry DMF (10 -15 ml) at 0 °C. The mixture was heated to 60 °C and stirred for 48 hours. The crude mixture was then treated with an aqueous solution of NaOH (10 ml, 6.0M) then left to stir. After approx. 1 h stirring, the reaction mixture was extracted once with ethyl acetate (10 ml) and the organic phase dried with magnesium sulfate. The crude product was purified using chromatography to give the desired product, either N,N-diallyl-1,2-phenylenediamine (0.9 g, 55% yield) as pale yellow oil, N,N-diallyl-2-iodobenzenamine 1 (0.93 g, 77% yield) as brown oil, or N,N-diallylaniline 5 (1.6 g, 89 %) as a colourless oil.
G microflow
Stock soluti catalyst I (16.5 mg, 0.02 mmol) or Grubbs catalyst II (17.0 mg, 0.02 mmol) in toluene (0.2 ml); (C) pure perfluorocarbon solvent (perfluorodecalin or perfluorononane) used as a segmenting phase (5 ml). Each solution was loaded individually into a gas-tight glass syringe which was then connected onto the microflow system (PTFE) through a designated inlet using a T-connector: length 2000 mm, internal diameter 500 µm, and system volume 392.5 µl. The solutions were then delivered into the microchannel at the required flow rates, in a continuous segmented flow manner using syringe pumps (KD Scientific). The reactions were carried out while heating to 40 °C using an oil bath or CEM microwave (150 W) for the appropriate residence time of 10 minutes. After collecting the output from the reaction, the cooled crude mixture was separated from the perfluorocarbon then evaporated under reduced pressure. The products were isolated by column chromatography on silica gel using an appropriate solvent system. , internal diameter 500 µm, and system volume 8576 µl. The solutions were then delivered into the microchannel at the required flow rates, in a continuous segmented flow manner using syringe pumps (KD Scientific). Firstly the RCM of diallylamino moiety was carried out at 40 °C by pumping solutions (A) along with solution (B) and (C) into the section 1 placed in the CEM microwave cavity. While in section 2 solutions (D) and (E) were introduced then mixed with the cyclised substrate flow from section 1 at 80 °C using an oil bath to carry out the Heck coupling. The reactions were carried out for the appropriate total residence time of approximately 70 minutes. After collecting the output from the reaction, the cooled crude toluene mixture was separated from the segmenter phase and evaporated under reduced pressure. The purification was carried out using column chromatography using an appropriate solvent system. N,N-Diallyl-2-iodoaniline (1). 14 (9) . N,N-D mmol) and di-t-butyldicarbonate (1.39 g, 6.4 mmol) were dissolved in dichloromethane (25 ml) with triethylamine (0.80 g, 7.9 mmol). The mixture was stirred for 12 h at room temperature. The mixture was washed with brine (25 ml) followed by water (25 ml), and the organic layer was dried with magnesium sulfate and then concentrated under reduced pressure. The resulting crude reaction mixture was purified using silica gel column chromatography (5% diethyl ether in hexane) to obtain 9 (1.32 g, 4.57 mmol, 86%) as a colourless oil. 
